In order to understand the role of impurities in Co-doped ZnO, while at the same time minimizing the possibility of Co nanocluster formation, Zn 1−x Co x O films were grown under relatively oxidizing conditions and then cooled under either N 2 or air. Up to the highest doping level x = 0.04, after cooling in N 2 no measurable second phases were found whereas after cooling in air, ZnCo 2 O 4 ͑nonferromagnetic at room temperature͒ appeared even for the lowest doping level x = 0.0015. In addition, stronger ferromagnetism was observed in the N 2 cooled samples, indicating an intrinsic origin to the ferromagnetism in Zn 1−x Co x O.
1
ZnO has received a lot of attention due to the ease with which carriers and magnetic dopants may be introduced into the material, with many studies focusing on Co-doped ZnO. 2, 3 It has even been suggested that while these materials may not be intrinsic DMS, there is nonetheless an intrinsic origin to the ferromagnetism, with defects playing a key role in the magnetic interactions. [4] [5] [6] There is still much controversy in the field because some groups have ascribed the magnetism to minute quantities of magnetic impurities, e.g., Co clusters. 7, 8 It is, therefore, critically important to ascertain to what extent the ferromagnetism is related to the presence of second phases.
Raman spectroscopy has been widely used to study DMS materials both to determine the position of the doping ions in the host lattice and to probe the presence of impurities which are undetectable by x-ray analysis. Raman peaks observed at 485, 530, and 700 cm −1 in Co-doped ZnO were identified as Co 3 O 4 . 9 On the other hand, the additional Raman modes in Zn 1−x Co x O target spectra ͑x = 1.5-2͒ were identified to be due to the spinel ZnCo 2 O 4 .
10 X-ray analysis and Raman spectroscopy have also shown the presence of ZnCo 2 O 4 for Ͼ10% Co-doped ZnO polycrystalline films. [10] [11] [12] [13] It has been shown that both n-type and insulating ZnCo 2 O 4 are antiferromagnetic, whereas p-type ZnCo 2 O 4 is ferromagnetic at very low temperature. 14, 15 Near room temperature ferromagnetism has not been found in ZnCo 2 O 4 .
In this work, we study the influence of cooling atmosphere on chemically grown films of Zn 1−x Co x O. We show that there is a strong sensitivity of the amount of impurity ͑as probed by Raman spectroscopy͒ on the cooling atmosphere and that stronger ferromagnetism is observed when the impurity fraction is lower, indicating an intrinsic origin to the ferromagnetism.
Ultrasonic assisted chemical vapor deposition was used to grow a series of Zn 1−x Co x O with different doping levels ͑x = 0, 0.0015, 0.01, 0.02, and 0.04͒. The method provides a relative oxidizing growth environment, 2, 6 which is important for eliminating the possibility of Co cluster formation. Cooling atmospheres of N 2 ͑10 ppm O 2 ͒ and air ͑2 ϫ 10 5 ppm O 2 ͒ were studied in order to understand how impurity formation is influenced by the cooling atmosphere. It is important to vary the postgrowth atmosphere rather than the atmosphere during growth so as to ensure that the same film starting microstructure and defect level are achieved. The cooling rates were ϳ5°C/ min to room temperature. Film thicknesses were ϳ0.5-0.8 m. Two sets of films were fabricated. The first set ͑x = 0, 0.0015, 0.01, 0.02, and 0.04͒ was cooled in air while the second set ͑x = 0.02 and 0.04͒ was cooled in N 2 . To be certain of ZnCo 2 O 4 phase identification by Raman spectroscopy, a bulk sample of ZnCo 2 O 4 was studied. The sample was made by conventional solid state reaction of ZnO and Co 3 O 4 powders at 800°C for 24 h in air.
Raman spectra were obtained using a Renishaw Raman scope 1000 spectrometer in backscattering geometry. The excitation laser used was a 514.5 nm Ar ion laser and the incident power was kept at below 12.5 mW to avoid significant heating to the sample surface. X-ray diffraction ͑XRD͒ patterns for the films were measured from 2 = 30°to 150°with step sizes of 0.02°and count times of 8 s per step.
The Raman spectra of the ZnCo 2 O 4 bulk sample ͑inset of Fig. 1͒ are dominated by five narrow peaks, as expected for the Fd3m space group, 16 at 488.0, 525.4, 623.4, 693.0, and ϳ705 cm −1 . The data are quantitatively similar to earlier work except for some peaks shifted by up to 10 cm −1 .
10 Figure 1 shows the Raman spectra for the first set of Codoped ZnO films which were cooled in air. The peaks indicated by the dashed lines are attributable to the sapphire substrate. The peak at 437 cm −1 is attributable to the E 2 ͑high͒ mode of wurtzite ZnO. 10, 17 The full width at half maximum ͑FWHM͒ of the E 2 ͑high͒ mode at 437 cm With increasing Co concentration, a broad peak develops at ϳ550 cm −1 . This peak has been observed in doped ZnO 18, 19 and was attributed to disorder-related activation of the silent B1 ͑high͒ mode. 20 For x Ͼ 0.02, two further peaks develop at ϳ488 and 708 cm −1 . As Co is lighter than Zn, it may at first be thought that the additional features are caused by local vibrational modes ͑LVMs͒ appearing in the spectra. Calculations of the frequencies of such a mode caused by Co substitution reveal that a Co-caused LVM of 488 cm 14, 15 The absence of the other spinel peaks at 525.4, 623.4, and 693.0 cm −1 , which were observable in bulk ZnCo 2 O 4 ͑Fig. 1͒, is indicative of orientation differences of ZnCo 2 O 4 between the bulk and film samples, 21 i.e., the ZnCo 2 O 4 likely grows in a preferred orientation with respect to the oriented ZnO film.
An x-ray diffractogram of an x = 0.02 film cooled in air ͑inset to Fig. 2͒ shows the film to be single phase with a preferred c-axis orientation. It has been reported that the x-ray of a ͑Zn 0.95 Co 0.05 ͒O film grown by pulsed-laser deposition shows no trace of secondary phases under normal diffraction conditions, but a cobalt reflection at 76.7°appeared when a long count time was made with a multidetector. 22 Here, no ZnCo 2 O 4 or any other secondary phase was found even for very long count times. Hence, Raman spectroscopy is more sensitive to ZnCo 2 O 4 impurity detection and possibly to other second phases than standard XRD. It is not unexpected that no Co was detected in the films by either Raman spectroscopy or x-ray since under the growth conditions used, i.e., relatively oxidizing atmospheres and slow cooling rates, elemental Co is precluded from thermodynamics.
The Raman spectra for an x = 0.02 and an x = 0.04 ZnO film ͑second set of samples͒ both grown and cooled in N 2 compared to an x = 0.02 film ͑from the first set͒ cooled in air are shown in Fig. 2 . A weak and broad shoulder at ϳ470 cm −1 was observed in the Raman spectrum of the x = 0.04 film cooled in N 2 . This shoulder was reproduced in other x = 0.04 films cooled under N 2 and its origin is uncertain. The peaks at 488 and 708 cm −1 in the Raman spectrum for the air cooled sample are absent in the N 2 cooled one. Hence, the N 2 cooled sample does not contain a measurable amount of ZnCo 2 O 4 . An x-ray diffractogram of an x = 0.02 film cooled in N 2 ͑not shown here͒ shows only ZnO peaks with a few minor non-c-oriented peaks. As for the air cooled film, no traces of second phases ͑Co or Co-compounds͒ were found.
Further understanding of the formation of the spinel phase in the Co-doped ZnO films can be made by considering the ratio of the integrated intensity of the modes attributed to the ZnCo 2 O 4 spinel at 488 and 708 cm −1 to that of the E 2 ͑high͒ mode of the wurtzite ZnO with respect to Co addition level and cooling atmosphere ͑Fig. 3͒. Two important features are observed: ͑a͒ as the Co concentration is increased, the intensities of both the 488 and the 708 cm 10 who showed that when more antiferromagnetic ZnCo 2 O 4 is present, the overall ferromagnetism is reduced. In summary, the cooling atmosphere was found to have a significant influence on the formation of the ZnCo 2 
